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ABSTRACT 
 
Wastewater contamination with inorganic and organic compounds has become a 
major environmental problem. This is due to human activities such as urban 
developments, agricultural activities, and mining industries. Water pollution by 
heavy metals such as, Pb(II) in particular has unavoidable hazards to human health 
as it causes undesirable diseases, such as peripheral and central nervous system 
rupture. Currently there are water treatment technologies which are in use such as 
ion exchange, flocculation and coagulation, but these technologies are not efficient 
in removing Pb(II) to parts per billion (ppb) levels. There is a need to implement new 
techniques which are more efficient in removing Pb(II) to acceptable concentration 
levels. Membrane technology is a newly emerging water treatment method, because 
it has proved to remove trace metals at ppb levels. In this study a composite 
membrane was synthesized via interfacial polymerization with multiwalled carbon-
nanotubes (MWCNTs) as nano-fillers, hyperbranched polyethyleneimine (HPEI) as 
a dispersing agent and polysulfone (PSf) as a support. The fabricated membrane 
was characterized using Fourier transform infrared spectroscopy (FTIR), scanning 
electron microscope (SEM), and contact angle.  
FTIR spectra confirmed that interfacial polymerization indeed occurred by the 
emergence of polyamide layer at the interface of the membrane. The appearance 
of v(NH-C=O), v(O=C-Cl) further confirmed that HPEI/MWCNTs reacted with TMC 
to form a thin film. Upon addition of the composite on the PSf support, an increase 
in hydrophilicity was observed. At 600 KPa the flux of the pristine PSf, 
HPEI/MWCNT/PSf-0.2% (M-1%), HPEI/MWCNT/PSf-0.5% (M-0.5%) and 
HPEI/MWCNT/PSf-1% (M-1%) was revealed to be 136.15 L/h.m2, 16.66 L/h.m2, 
14.83 L/h.m2 and 13.03 L/h.m2 respectively. The trend was due to different loadings 
of the nanomaterials, as they close the pores of the membrane thus decreasing the 
flux. The performance of the membrane was monitored using batch adsorption 
studies.  At optimum conditions (pH 6, initial concentration of 10 mg/L, and 40 
minutes contact time) the batch studies revealed that M-1% performed better than 
M-0.2%, M-0.5% and M-0. This was due to the fact that dosing of the composites 
also revealed that it had more active sites to complex Pb(II) after 40 minutes of 
v 
adsorption. The kinetics studies have shown that the reaction between the Pb(II) 
and the membrane was chemisorption and it took place under pseudo second order 
reaction kinetic model and Langmuir isotherm.  
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CHAPTER 1:  
 INTRODUCTION 
 
1.1 Problem statement 
There are several industries that contribute to water pollution such as mining, 
electroplating, acid lead battery and metallurgical industries.1,2,3 Heavy metals such 
as: lead(II), mecury(II), copper(II), manganese(II), chromium(VI), and cadmium(II), 
are known to be toxic.4 Water bodies polluted by heavy metals is an unavoidable 
hazard to human health as they cause many undesirable diseases.5 In addition, 
heavy metal removal from water sources to a tolerable concentration is currently a 
challenge for water treatment industries. Conventional methods, such as ion 
exchange, reverse osmosis, precipitation, flocculation and coagulation, have been 
utilized to remove or separate heavy metal ions from water.6,7,8,9 The 
aforementioned methods have their own disadvantages such as: high operation 
costs, poor efficiency and high sludge production.10-12 
Pb (II) is termed one of the highly toxic metal ions, which is non-biodegradable. It is 
also found in the earth’s crust in high concentrations.13 Previously in mines, Pb (II) 
was stored in metal containers and these containers were further disposed in water 
streams.14,15 According to South African National Standards (SANS) the limit of Pb 
(II) ingestion should be ≤10 µg/L, exceeding that amount, it becomes toxic and thus 
posing health risks.16 
Olujimi et al. (2015) reported the presence of Pb(II) in Kraaifontein river, South Africa 
ranging from 31.5 to 78.6 µgL-1. This was a run-off from a wastewater treatment 
plant (WWTP) discharge.17 On the other hand, Reinecke et al. (2003) reported 30 
to 40 µgL-1 of Pb(II) in the Eerste River in South Africa.18 The study suggested that, 
run-off discharges from sewage treatment plant and industries had been reported 
to be the possible routes of Pb (II) deposition into water bodies.18 Thus, it has been 
  Chapter 1: Introduction 
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taken into consideration that, wastewater effluents are a contributor to high 
concentrations of Pb(II) in the river system.18  
1.2 Justification 
Traditional water treatment strategies, for example, ion exchange and chemical 
precipitation have been executed in expulsion of lethal metal particles from aqueous 
solutions, for example, Pb(II).19 Conversely, these techniques have constraints such 
as, muck generation as a secondary by-product, they are expensive and high 
energy consumption.19 
Hyperbranched polyethyleneimine has good properties that has an astounding 
potential in removing heavy metals from water. HPEI has amine groups in its matrix 
that can chelate with divalent molecules or metal ions.20-22 This polymer has 
peripheral amine groups that are polar which could enhance the hydrophilicity of the 
membrane.20,21,22 The peripheral groups also allow the HPEI molecule to be 
functionalized with other nanomaterials such as MWCNTs.20,21,22 However, because 
HPEI is soluble in water, its matrix has to be immobilized on a membrane to ensure 
its stability when used as adsorbent.23 In this project, HPEI will be functionalized with 
MWCNTs due to its high surface area for alterations of its structural properties and 
for better removal of Pb(II). The modified HPEI/MWCNTs composite is expected to 
have enhanced properties with limited fouling, re-usable and thus making it a cost-
effective method.23  
Multiwalled carbon-nanotubes has attracted attention in this study because of its 
novel properties, for example, high surface area, hollow honey-combed tube, good 
electrical properties, mechanical properties and thermal conductivity.24-27 MWCNTs 
have been utilized in numerous investigations as astounding adsorbents to 
evacuate an extensive variety of substantial metals and organic contaminants.23,25 
However, the execution of MWCNTs nano-adsorbents is thusly restricted by its 
generally low density of surface functional groups. It has exceptionally poor water 
scattering due to its conglomeration through van der waals interaction, and it 
agglomerates and this decreases its execution in water treatment.26 To further 
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enhance and to improve the limitations of MWCNTs, they are frequently 
functionalized with polymers, for example, HPEI.27,28,29 Ji et al. (2012), directed an 
investigation where MWCNTs were mixed with a magnetite iron oxide (Fe3O4), for 
the removal of Pb(II) in wastewater.30 It was accounted for that the composite 
removed 80% of Pb(II).30 Sambaza et al. (2016), likewise directed an examination, 
where he utilized a HPEI/MWCNT polymeric composite for the expulsion of Cr6+ 
from defiled water.31 The composite was accounted for to play out the adsorption 
remarkably by removing 99% of Cr6+.31 Due to the benefits of both HPEI with 
MWCNTs, this composite will be embedded on a membrane for better removal of 
Pb(II) from water. 
1.3 Aim and objectives of the study 
The aim of the study is to prepare a polysulfone (PSf) membrane integrated with 
hyperbranched polyethyleneimine (HPEI) functionalized with oxidized multiwalled 
carbon-nanotubes (MWCNTs) through interfacial polymerization method for the 
removal of Pb(II) from water. 
1. To functionalize MWCNTs and covalently bond these to HPEI to form a 
HPEI/MWCNTs composite. The MWCNT/HPEI composite was characterized 
using Fourier transform infrared spectroscopy (FTIR), Scanning electron 
microscopy-energy-dispersive X-ray spectroscopy (SEM-EDS), Raman 
spectroscopy, and Brunauer- Emmett- Teller (BET). 
2. To embed MWCNT/HPEI on a PSf support via interfacial polymerization. The 
MWCNT/HPEI/PSf membrane was characterized using FTIR, SEM-EDS, 
contact angle analysis and flux measurements.    
3. To test the membrane for the removal of Pb(II), and selectivity towards 
interferences, such as Cd (II), Hg (II) and Cu (II). Inductively coupled plasma-
optical emission spectroscopy (ICP-OES) was used to detect the 
concentration of Pb(II). 
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1.4 Project outline 
The dissertation outline gives a brief overview of what will be discussed in each 
chapter: 
Chapter 2 gives the literature review relative to the study and how heavy metals 
have been an ongoing strain to the environment. It also outlines efficient ways on 
remediating heavy metals from water using membrane technology that entails 
MWCNTs as nanofillers and HPEI as a dispersant. It also describes the PSf polymer 
as a support towards the synthesized composite and its properties 
Chapter 3 gives a subtle description of all experimental methods and all the 
characterization techniques used in this project. 
Chapter 4 portrays a clear overview of characterization and application of 
MWCNTs/HPEI/PSf polymeric membrane for the removal of Pb(II) from water. 
Chapter 5 presents the concluding remarks and recommendations for future work 
made from this project. 
Appendix It includes other results obtained from the study and raw data. 
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CHAPTER 2:  
 LITERATURE REVIEW 
 
2.1 Heavy metals 
The existence of heavy metals in water sources such as cadmium (Cd), arsenic 
(As), mercury (Hg), lead (Pb) nickel (Ni), zinc (Zn) and copper (Cu) in water sources, 
introduces a health threat towards both humans and aquatic organisms.1 According 
to Moore et al. (2012) heavy metals are non-biodegradable, and accumulate in the 
environment until they reach toxic concentration levels.2 Figure 2.1 depicts the 
introduction and accumulation of heavy metals in the environment and in aquatic 
areas. Wastewater sludges from factories such as mining, former manufacturing 
sites, burial and other methods contaminate the environment and ground water, 
because of damaged wastewater facilities (Figure. 2.1). Pb(II) will be investigated 
in this study due to its high toxicity, which often leads to sicknesses, neurological 
disorders, kidney disease and anaemia in humans.3 Another research interest is 
that there is limited literature on its presence in South African water systems.2  
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Figure. 2.1: The diagram shows the introduction of heavy metals in water by 
different industries.2 
 
2.2 Lead (Pb) 
Pb(II) is one of the heavy metals found naturally as a constituent of the earth’s crust, 
and it can be found in both oxidation states of Pb(II) and Pb(IV).4 Pb(II) under 
alkaline conditions (i.e.pH≥ 7.0) precipitates in water and it is found to exist as 
nitrates and sulphides form in pH of 3-6.10 Pb(II) is mostly used in the production of 
many items such as metal parts of machinery, batteries and pipes.5 Pb(II) is very 
toxic, and due to its toxic nature to both the environment and human health, its 
applications has been discontinued in most of the products such as kitchenware, 
paint and fuel. The most common sources of Pb(II) in drinking water are mining, 
electroplating industries, and leaching of the old household plumbing.6 
 Pb(II) poses human health threats such as, peripheral nervous system and central 
nervous system rupture. It often leads to cancer, lung diseases, stroke, kidney 
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problems and high blood pressure.7,8,9,10 Olujimi et al. (2015) reported the presence 
of Pb(II) in Kraaifontein South Africa ranging from 31.5 to 78.6 µg/L which resulted 
from Zandvleit wastewater treatment plant (WWTP) discharges.11 However, 
Reinecke et al. (2003) reported 30 to 40 µg/L of Pb(II) in Eerste river in South 
Africa.12 The study suggests that, run-off discharges from sewage treatment plant 
and industries had been reported to be the possible routes of lead into water 
bodies.12 Thus, it has been taken into consideration that, wastewater effluents are 
a contributor also to high concentrations of Pb(II) in the river systems (Figure. 2.2).12 
Moreover, the study reports that Kirstenbosch had Pb(II) levels of 86.73 µg/L and 
also in Umgeni river Pb(II) level was around 14.18 µg/L which are way above the 
accepted Pb(II) level in water depicted by SANS (10 µg/L). 
 
Figure. 2.2: Prevalence of Pb(II) across South Africa.12 
 
2.3 Chromium (Cr) 
Chromium (Cr) is a heavy metal found in the d-block of the periodic table and it is 
termed a transition metal. Chromium (Cr (III)) is one of the essential metals in our 
Umngeni River (14,18 ug/L) 
Eerste river (40 ug/L) 
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bodies, however, the risk factor of this metal is that, when consumed in large 
amounts it can be very toxic. Cr changes colour under different pH levels, it is highly 
soluble in water, and non-biodegradable.13 In nature Cr is found in two oxidation 
states. i.e Cr (III) and Cr (VI).13 The effects of Cr uptake include skin irritation and 
lung carcinoma.13 There are also proposed conventional method for the treatment 
of Cr in water, that includes precipitation. In this method, Cr (VI) is reduced to Cr 
(III) to form a sulfate, e.g. Sodium thiosulfate (Na2S2O3), Ferrous sulfate 
heptahydrate (FeSO4.7H2O).14 The Cr precipitate is then removed by settlement and 
filtration, followed by reverse osmosis or ion exchange. According to Environmental 
Protection Agency (EPA), the accepted standard concentration level of Cr in 
drinking water is 100 µg/L.15  
2.4 Arsenic (As) 
Arsenic has three serial oxidation states occurring in nature, namely, As (I), As (III) 
and As (V).13 There are proposed conventional methods for the treatment of arsenic 
which includes coagulation, flocculation, and filtration. Coagulation process starts 
with conversion of As (III) to As (V).13 According to World Health Organization 
(WHO), the accepted concentration level of As in drinking water is 10 µg/L.16 Arsenic 
is regarded as one of the other toxic heavy metal that can cause both acute and 
chronic diseases when ingested in large amounts.13 These includes skin 
hyperpigmentation, cancer, gastrointestinal and cardiovascular failure.  
2.5 Conventional methods for the removal of inorganic pollutants. 
The conventional processes for the removal of heavy metals from water incorporate 
numerous procedures, for example, coagulation and flocculation, compound 
precipitation, particle trade, and adsorption. 
2.5.1 Coagulation 
In water treatment, coagulation method occurs when a coagulant is added to 
‘destabilize’ colloidal suspensions. There are inorganic coagulants that are 
commonly utilized, such as aluminium and iron salts (Figure.2.3). When the 
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aforementioned coagulants are added to water, they provide charged ions to 
neutralize the suspended particles.17,18 The coagulants are known to be cheap and 
effective in the removal of metal solids.17,18,19 However, several studies have shown 
ineffective removal of most heavy metal pollutants by coagulation.18,19  
Iron chloride is mostly used in this process for water treatment.19 The end-product 
of this method is an insoluble metal hydroxide containing heavy metal ions.19 The 
metal hydroxide is therefore removed by flocculation, sedimentation or filtration from 
water, then the treated water is then separated by decanting and discharged 
(Figure.2.3).19,20,21  
Johnson et al. (2008), used flocculation and coagulation primary methods to remove 
heavy metals from water, which includes; lead, nickel, copper, chromium, and zinc.21 
In the study it was reported that chemically enhanced primary treatment was 
employed using alum (XAl2.12H2O), ferric chloride and anionic polymer.20 The 
results revealed that chemically enhanced primary treatment using anionic polymer 
and ferric chloride performed better than that of chemically enhanced primary 
treatment using alum.22 
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Figure. 2.3: The schematic diagram of coagulation method for heavy metal 
removal.22 
2.5.2 Chemical precipitation 
Chemical precipitation is generally being utilized for the expulsion of substantial 
metals from inorganic effluent. The hypothetical mechanism of overwhelming metal 
evacuation by chemical precipitation is exhibited in Equation 2.1.22  
M2+ + 2(OH)− ↔ M(OH)2↓        [2.1] 
where M2+ is the dissolved metal ions, OH− represents the precipitant, and M(OH)2 
is the precipitate which is an insoluble metal hydroxide respectively. The 
fundamental state of this method is to modify the pH to alkaline conditions extending 
ca (pH 9– 11). pH is the principal parameter that enhances the expulsion of 
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substantial metal essentially in water. The technique has broadly utilized 
precipitating agents, for example, lime and limestone as a result of their accessibility 
and their low-cost.23,24 Lime precipitation is viably utilized to treat inorganic effluents 
with metal concentration of >1000 mg/L. Lime precipitation process is invaluable to 
utilize due to its simplicity of the procedure, safe operation, convenient and 
inexpensive equipment requirement. In any case, chemical precipitation method 
requires a lot of synthetics (chemicals) to decrease metals to an adequate level for 
discharge. Other drawbacks of chemical precipitation are, its intemperate muck 
generation that requires further treatment, poor settling, moderate metal 
precipitation, long-term environmental effects of muck disposal and the aggregation 
of metal precipitates.24 
2.5.3 Ion exchange 
Ion exchange process for water treatment involves substitution of more toxic 
contaminants with less toxic substances. The process includes an exchange of ions 
between a solution and an ion exchange resin.25 The advantage about this process 
is that, it does not have a specific flow rate. They may be fluctuating but it does not 
get affected, and its limitations are, this method is unable to micro filtrate, remove 
large particles from water like bacteria and soil, and they are expensive.25 
2.5.4 Adsorption 
The process of adsorption occurs at the last stage of water purification where all 
other agents have been removed from the water.18 A good adsorbent must have a 
large surface area and it should be regeneratable for cost effectiveness. There are, 
however, other factors that are very specific and necessary to look up to when 
selecting an adsorbent, such properties include; high capacity, high selectivity to 
different pollutants, and renderability. 
2.5.4.1 Activated carbon  
Activated carbon adsorbents are obtained from the handled/processed charcoal that 
generally produces enormous measure of microporosity.26 These materials have 
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high surface areas and compelling fondness to adsorption of heavy metals 
respectively.26,27 Activated carbon are adsorbents that are broadly utilized for the 
most part in water treatment for overwhelming heavy metal removal. This is because 
of their chemical inertness, thermal stability and a wide range in evacuation of toxins 
in water.28 This material additionally has their drawbacks, for example, their failure 
to quick adsorption kinetics.28 
2.5.4.2 Zeolites 
Zeolites are natural hydrated aluminosilicate molecules with great sorption 
properties. Zeolites have building blocks such as SiO4 and AlO4 tetrahedral 
structures.29 These materials can also be modified using organic surfactants and 
inorganic salts. These modifications generate cationic surfactants micelles, which 
can chelate with negatively charged entities such as chromates or arsenates.29,30 
2.6 Proposed new methods 
Membrane technology has been utilized recently for water treatment and they can 
be applied with different adsorption methods. This method is based on the pressure 
driven water treatment methods that results in a permeate which is the end product 
and the retentate is retain back in the system (Figure. 2.4).31 
 
Figure. 2.4: Basic mechanism of a typical membrane.31 
 
This method has advantages which incorporates low vitality utilization, adaptability, 
particular permeation and low cost.31 Membranes for water treatment have been 
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characterized dependent on their trademark proposed applications and pore sizes 
i.e., micro-filtration (MF), ultra-filtration (UF), nano-filtration (NF) and switch 
assimilation (RO) (Table. 2.1).19,2,31,32,33,34,35 Microfiltration film has pore sizes 
ranging from 0.1-5 µm. They reject microbes, suspended soils and spores. 
Ultrafiltration membranes has pores sizes smaller than that of MF going from 0.01 - 
0.1 µm.35 These membranes reject viruses, proteins and pyrogens. Nanofiltration 
layers has pore sizes going somewhere in the range of 0.001 and 0.01 µm, and they 
reject, (e.g. sulfates, metal oxides, and pesticides). At last, RO layer has pore sizes 
ranging from 0.0001 and 0.001 µm for the desalination, water reuse and ultra-
unadulterated water generation. This study looked to center around nanofiltration 
membrane.  
Table. 2.1: Characteristics of membrane filtration processes. 
Process 
technology 
Typical 
operating 
pressure 
Feed recovery 
(%) 
Rejected species MWCO 
Microfiltration 
(MF) 
0.5-2 90-99.99 Bacteria, cysts, 
spores 
 
Ultrafiltration 
(UF) 
1-5 80-98 Protein, viruses, 
endotoxins, 
pyrogens 
>1000 
Nanofiltration 
(NF) 
3-15 50-95 Sugars, pesticides 200-
1000 
Reverse 
osmosis (RO) 
10-60 30-90 Salts, sugars <200 
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2.6.1 Physicochemical properties and membrane structure 
A functional membrane as the barrier of the separation procedure, it must contain 
the correct structure and physicochemical properties, for example, porosity and pore 
size, roughness, surface hydrophilicity, chemical, thermal and mechanical stability 
which are appropriate for the intended application. Permeability and rejection are 
dictated by membrane porosity and surface pore size, while fouling attributes are to 
a great extent controlled by roughness and surface hydrophilicity. Mechanical, 
chemical and thermal stabilities secure qualities decide the life/durability of the 
membrane under various exposures.  
Introduction of different nanofillers in a polymer lattice will in general influence the 
properties and membrane structure. Recent studies have demonstrated that the 
introduction of hydrophilic nanomaterials that are somewhat exposed to the surface 
improves the surface hydrophilicity of the membrane. Fan et al. (2008) prepared a 
polyaniline (PANI/PSU) nanocomposite film and found that hydrophilic polyaniline 
nanofibers had moved from the polymer framework to the membranes surface amid 
the synthesis, that prompt shaping a membrane with higher porosity, hydrophilicity 
and pore connectivity.36 Equally, Zhao et al. (2011), found that polyaniline being a 
hydrophilic nanofiber would thusly migrate the polymer poor phase of the casting 
solution amid the process of phase inversion to diminish interfacial energy.37 Fan et 
al. (2008) and Zhao et al. (2011) have presumed that the introduction or the 
presence of PANI nanofibers at the surface or close to the surface of the membrane, 
improves the hydrophilicity of the membrane.36,38 Zhao et al. (2012) arranged 
hyperbranched polyamine-ester mixed with multiwalled carbon-nanotubes 
(MWCNTs) nanocomposite film (HPAE-MWCNTs/PVDF and observed a critical 
enhancement in the surface hydrophilicity, which they speculated that it could be 
ascribed to the coverage of the surface by -OH- groups from the nanomaterial.39 
Thus in this study HPEI-MWCNTs with a PSf support will be utilized to chelate Pb(II) 
from aqueous solutions. HPEI has been accounted for to be a good chelating 
polymer, henceforth it has been picked in this study. 
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2.6.2 Chelating polymers 
Chelating polymers are polymers with relevant properties such as nitrogen groups 
and hydroxyl groups for chelation and pre-concentration of trace metals. They are 
usually synthesized using polymerization and functionalization principles.18,40,41 
These synthetic polymers have advantages, because their properties can be altered 
and improved during the process of their synthesis. To successfully chelate with 
divalent metals, these polymers are controlled by the type of ligand, pH, structure 
and their solubility.19 This study sought to specifically focus on HPEI polymer. 
There are several polymer nanocomposites and amongst them are conducting 
polymer-based adsorbents and their derivatives, such as polyethyleneimine (PEI), 
polyaniline (PANI), polythiophene (PTh), polypyrrole (PPy). The aforementioned 
polymers have received much attention because of their potential application in 
adsorbing heavy metal ions from aqueous solutions. That is because of their non-
toxicity, porous structures, regeneration, insolubility in water, low cost and ease of 
handling. Studies have shown that the reason that the polymers have an 
outstanding potential in adsorbing heavy metals, it is due to the existence of S and 
N atoms in the chains of the conducting polymers, and also N atoms in non-
conducting polymers such as polypyrrole, that which results in high chelation 
capacity.42-61 
2.6.2.1 HPEI as a chelating polymer 
Hyperbranched polymers (Figure. 2.5) have been categorized to belong to a class 
of synthetic tree-like macromolecules called dendritic polymers. This polymer exists 
as either linear, or branched forms with many end groups. They are both prepared 
from ethyleneimine monomers bound together to form a number of chains thus 
termed as polymers.62,63  
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Figure. 2.5: HPEI as a chelating polymer.62 
 
Hyperbranched polyethyleneimine (HPEI) has peripheral amine functional groups, 
which assists in the hydrophilicity of the membrane.18 The amine groups exist in 10, 
20 and 30 forms in the approximated manner of 1:2:1 ratio.63 Hyperbranched 
polymer molecules are composed of repeating units derived from a central core. 
The central core of this polymer is characterized by its functionality, that is the 
number of chemical bonds through which it can be linked to external counterparts 
of the molecule.64  
Different kinds of hyperbranched polymers including polyesters, polyethers, 
polyamines and polyamides are available.65 Hyperbranched polymers, for example, 
HPEI, can go about as nanomaterial disperser. These materials have great 
scattering properties relying upon the method of amalgamation, which can be 
adjusted to accomplish wanted properties.62,63 The advantage of hyperbranched 
polymers is that they can be synthesized in one step and has low viscosity and a 
high level of surface functionality of hyperbranched polymers.66,67,68 The 
nanocavities found in hyperbranched polymers have additionally been found to 
entrap divalent metals.61 
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Hu et al. (2016) and Omar et al. (2016) explains HPEI as a good chelating polymer 
that has been mainly used in the modifications of filtration membranes and catalytic 
reaction due to its high density of primary and secondary amino groups.65,69,70,71 In 
this study HPEI is embedded onto the membranes to act as a chelating agent for 
Pb(II) metal ion, as well as a dispersing agent for multiwalled carbon-nanotubes 
(MWCNTs). 
2.6.2.2 HPEI systems for water treatment. 
Masotti et al. (2010) used PEI and carboxylated it (PEI-COOH) so as to complex 
heavy metals from water, using a polymer assisted ultrafiltration system.67 The study 
reports that the composite was able to complex and removed Zn, Sn, Ag, Pb, Cd, 
Co, Cu, Cr, Al, Mn and Ni efficiently from contaminated water. The study also reports 
that the system managed to reduce the concentration of heavy metals to <4 mg/L 
and polymer assisted PEI managed to efficiently reduce the concentrations of Sn 
and Cr to <0.1 mg/L.67   
He et al. (2014) conducted a study where PEI was grafted on the surface of a porous 
cellulose in order to acquire a solid adsorbent (PEI-cellulose).68 This adsorbent was  
used to remove Fe(III) and Cr(III) from water.68 The study reports that under dynamic 
adsorption conditions, the composite was able to adsorb 83.98 mg/g Cr(III) and 
377.19 mg/g Fe(III). This was because PEI-cellulose composite has tremendous 
chelation between nitrogen atoms and trivalent metal ions.68 HPEI from the studies 
above has proved that it has suitable properties such as internal nitrogen groups, 
that serves as a dispersing and chelating agent. HPEI in this study will thusly be 
used as a disperser. 
2.6.3 MWCNTs in membrane technology 
Shah et al. (2013), first discovered the practical and the experimental studies of 
carbon-nanotubes and from thereafter they have been explored in different 
applications.69 CNTs are classified as either, single-walled carbon-nanotubes 
(SWCNTs) or MWCNTs, from their preparations.69 SWCNT consists of a sheet of 
graphene rolled over in the form of a tube and MWCNTs consists of more than one 
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concentric tube of graphene fitted inside another graphene roll. They are the most 
promising nanomaterials that can be used to monitor the porosity of a polymer, and 
they may be used to construct a functional thin film.69 Purified CNTs are essential 
for any application. They are inert and hydrophobic that is why it is imperative to 
functionalize them with a desired molecule for a specific application.72 Thus, in this 
study the utilized method for the purification of CNTs involves oxidation by acid 
treatment such as HNO3 and H2SO4. 
 
Figure. 2.7: The figure shows the difference between the, (A) SWCNTs and (B) 
MWCNTs.69 
Choi et al. (2006) used carbon-nanotubes in membrane application.71 The study 
reported functionalized CNT in an acid medium which included H2SO4 and 
HNO3(sulfuric and nitric acid). This acid media was utilized to additionally evacuate 
the amorphous carbon on the surface of the CNT and to present carboxylic groups 
(COOH) on the CNT surface to conquer the inertness and lack of association of 
CNT with organic solvents and polymer matrixes.71 Conversely, Choi et al. (2006), 
found that the incorporation of carbon-nanotubes in altered membrane lattices, 
particularly with polysulfone (PSf), were obscured by poor interfacial similarity of the 
carbon-nanotubes which prompt unselective voids in a membrane.71 
Qiu et al. (2009), reported  grafting of isophthaloylchloride groups on the surface of 
acid functionalized carbon-nanotube by allowing carboxylated carbon-nanotubes to 
react with 5-isocyanato-isophthaloyl chloride (ICIC).73 The objective of the study 
was to enhance the incompatibility between a polymer and carbon-nanotubes as 
Choi et al. (2006) had experienced previously.71 The incorporation of ICIC on the 
surface of acid functionalized carbon-nanotubes occurred without affecting or 
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blocking the pore structure of the carbon-nanotubes. However, the study reports 
less compatibility between carbon-nanotubes and a polymer still resulted. Wu et al. 
(2010), tried to overcome the incompatibility problems between a polymer and 
carbon-nanotubes by allowing acid functionalized CNT to react with TEOA 
(triethanolamine).72 The study reported that TEOA has provided the compatibility 
between brominated polyphenyl oxide (BPPO) and CNT as well as enhancing the 
hydrophilicity of membranes due to the presence of three hydroxyl groups in its 
matrix. 
However, MWCNTs have recently become a great interest in the fabrication of 
composite membranes with remarkable performance. These membranes have 
been found to have outstanding and unique functionalities such as enhanced 
adsorptive capabilities, catalytic properties and high stability.74 Shah et al. (2013), 
synthesized a MWCNT/PSf composite membrane for metal removal in water.75 In 
this study, the membrane was prepared via phase inversion technique in the 
presence of water with isopropanol, and dimethyleformamide (DMF) was used as a 
solvent. The study explains the porosity control using MWCNTs and strength.75 It is 
reported that MWCNT/PSf composite rejected 94.2% of Cr(VI) and 78.2% of Cd(II) 
in an acidic condition of pH 2.6.75 Feng-Yang et al. (2016) reported on positively 
charged nanofiltration membrane embedded with polydopamine modified with 
carbon-nanotubes for the expulsion of heavy metals such as Zn, Mg, Ca and Cu. 
The study reports that the polydopamine/MWCNTs system increases water flux and 
with high rejection affinity towards the aforementioned heavy metals. The study also 
reports that the incorporation of the composite increases the membranes 
hydrophilicity and the surface charge thus rejecting the heavy metals with regard to 
electrostatic interaction. The membrane was able to reject multivalent cations in the 
following order, ZnCl2 (93%), MgCl2 (91.5%), CuCl2 (90.5%). Thus, the study 
concludes that the system is best suited for water treatment and heavy metal 
removal from water. Salahi et al. (2012) conducted a study of the incorporation of 
MWCNTs/chitosan/poly(vinyl) alcohol membranes for the removal of Cu(II) from 
water.76 The study reported that the adsorption capacity increased with the increase 
of MWCNTs content increase. The membrane with high MWCNTs content was able 
to adsorb (20.1 mg/g at 400 ̊C) which also suggest that the removal is almost as 
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twice as the adsorption of the bare membrane with no nanofillers in its interface.76 
The MWCNTs in this study were aminated (R-NH2), which however, suggests that 
the amine groups were the ones accountable for the chelation of Cu(II).76  
2.7 Interfacial polymerization for preparation of thin-film composite 
membrane (TFC). 
Preparation of thin-film membranes is particularly based on interfacial 
polymerization technique. Hu et al. (2016) reported on the preparation of 
hyperbranched polyamine blended with graphene oxide (HPA/GO) composite 
membrane that was obtained using interfacial polymerization.69 The study reported 
that the technique was achieved utilizing two monomers: a polyfunctional amine 
(NH2) dissolved in deionized water and a polyfunctional acid chloride trimesoyl 
chloride (TMC) dissolved in a hydrocarbon solvent (hexane).77 When this technique 
was employed, an ultra-thin polymeric layer ca (300 - 400 nm) was formed and 
adhered to a microporous substrate, by so doing, the process lead to good 
amalgamation of permeability and selectivity.77 There are several parameters that 
can be controlled when interfacial polymerization method is employed, i.e. reactant 
type, reactant concentration, reactant deposition sequence and curing condition 
(Figure. 2.8).77   
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Figure. 2.8: Systematic presentation of TFCM preparation.77  
 
In this study an HPEI/MWCNT polymeric composite will be dissolved in water and 
trimesoyl chloride will be dissolved in hexane to form a thin film at an interface of 
the membrane. 
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2.7.1 Thin film composite membranes  
The available nanofiltration and pervaporation membranes that are mostly studied, 
generally fall into two categories: integrally skinned asymmetric membranes that 
contains only one polymer, and thin film composite (TFC) membranes which 
consists of two or more polymer layers. Comparing both membranes, thin-film 
membranes have the ability to attain a high permeation rate and maintain a high 
selectivity. Thus, in this study MWCNTs will be allowed to covalently bond with HPEI 
to form a composite, HPEI/MWCNTs, and the composite will be polymerized on the 
interface of PSf with TMC. 
Kim et al. (2003) reported that, particularly a thin film membrane has three layers 
(Figure.2.9).78 The top layer which is termed the ultra-thin top layer serves as the 
selective barrier which is responsible for the separation. This top layer is supported 
by a microporous sublayer; which is usually an uneven ultrafiltration or microfiltration 
membrane that provides a sufficiently smooth surface to support a defect-free 
ultrathin top layer.78 The system is further supported by a non-woven sophisticated 
fabric like material that provides additional mechanical strength to the composite 
structure while offering little resistance to mass transport through the membrane 
(Figure.2.9).78 There are several techniques that can be used to form the top layer 
of TFC, including (1) solution casting, (2) in situ graft polymerization and (3) 
interfacial polymerization.78 
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Figure. 2.9: Schematic of a thin film composite membrane.78  
2.8 Conclusion 
The literature provided above clearly shows that heavy metals are a serious stress 
in the environment and in water bodies. There are various methods have been 
deployed so as to remove heavy metals from aqueous solutions, but the methods 
are unable to remove heavy metals at low concentrations. There is, however, a great 
need to effectively remove heavy metals from water. The evidence provided from 
the literature overtly state that membrane technology as emerging technology for 
water remediation. However, membrane technologies have disadvantages when 
applied without additives, such nanofillers. The membrane on its own tends to foul, 
and thus membranes cannot also remove heavy metals from water at ppb levels. In 
this study HPEI and MWCNTs were opted because of their outstanding properties. 
HPEI is dominated by amine groups in its matrix, thus transforming it to being 
hydrophilic, and these amino groups also helps in chelation of divalent metals. 
MWCNTs are materials that are mechanically strong and they are also thermally 
stable, thus they will be dispersed in HPEI then polymerized interfacially on the 
surface of PSf to form a thin film membrane with equally dispersed MWCNTs. 
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CHAPTER 3  
 EXPERIMENTAL METHODOLOGY 
 
3.1 Introduction 
This chapter provides the experimental procedure carried out to accomplish the aim 
and objectives of this project. 
3.2 Experimental procedures  
3.2.1 Materials 
(HPEI) Hyperbranched polyethyleneimine 2nd generation (Lupasol WF, Mw: 25kDa) 
were obtained from Sigma Aldrich (SA). Commercial flat sheet MICRODYM NADIR 
polysulfone (PSf) (NADIR RM UP005 P1016) were acquired from Memcon (SA). 
Hexane (95%) and 1,3,5-Benzene-tricarbonyltrichloride (TMC 98%) were bought 
from Sigma Aldrich (USA). Commercial MWCNT were obtained from Sigma Aldrich 
(Germany). 
3.2.2 Preparation of oxidized MWCNTs (MWCNT-COOH) 
MWCNTs were refluxed in an acidic medium containing H2SO4:HNO3 at a ratio of 
1:3 for 24 hours at 80 ̊C to remove impurities, such as; CaCO3, Fe-CO, and 
amorphous carbon traces.1 The acids were also used to oxidize the surface of the 
MWCNTs so as to introduce carboxylic groups on the inert surface (Figure 3.1).2 
The resulting viscous carbon black was rinsed with deionized water until pH ~7 and 
then dried in an oven at 80 ̊C overnight. 
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Figure. 3.1: Schematic pathway for the synthesis of MWCNT-COOH. 
 
3.2.3 Synthesis of acyl chloride functionalized MWCNTs (MWCNT-COCl) 
MWCNT-COOH (2 g) were added in a 100 mL round bottom flask containing the 
solution of thionyl chloride and N,N-dimethylformamide (DMF) at a ratio of 20:1.3 
The mixture was refluxed for 36 hours at 60 ̊C. To get rid of the excess SOCl2 the 
mixture was thoroughly washed using a centrifuge in DMF/toluene solution. The 
SOCl2 free muddy mixture was then dried in an oven overnight at 80 ̊C (Figure 3.2). 
 
Figure. 3.2: A schematic pathway for the synthesis of MWCNT-COCl. 
 
3.2.4 Preparation of HPEI-MWCNTs nanocomposite. 
MWCNT-COCl (1.5 g) were dispersed in DMF (34 mL). HPEI (2 g) was also 
dispersed in DMF solution until it dissolved. The mixtures were stirred vigorously.4 
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Triethyleneimine (200 µL) was added to the solution and the reaction was carried 
out for 3 days at 50   ̊C. The excess DMF was removed by dialysis against water for 
3 days and followed by lyophilization (Figure.3.3). 
 
Figure. 3.3: the schematic diagram for the synthesis of the nanocomposite 
HPEI/MWCNTs. 
 
3.2.5 Preparation of the polyamide thin-film composite membrane 
The commercial PSf support layer was attached to a small glass plate with a tape 
at the edges. The bound PSf on the plate was then immersed in trimesoyl chloride-
hexane solution 0.2% for 60 seconds. The TMC-hexane treated membrane was 
placed in varying concentrations of HPEI/MWCNTs (i.e. 0.2, 0.5 and 1 w/v %) for 24 
hours (Table 3.1).5 PSf-HPEI/MWCNTs were re-immersed in TMC (0.2%) for 60 
seconds to form a polyamide layer at the interface of the membrane (Figure.3.4). 
The membrane was rinsed in hexane and dried at 80   ̊C for 30 minutes. 
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Figure. 3.4: The schematic diagram for the preparation of a polyamide thin 
film composite membrane. 
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Table. 3.1: Composition of different HPEI/MWCNT/PSf composite 
membranes. 
Membrane HPEI/MWCNTs 
(composite) 
TMC (wt %) 
M-0 0 0.2 
M-0.2 0.2% 0.2 
M-0.5 0.5% 0.2 
M-1 1% 0.2 
 
 
3.3 Characterization techniques 
The materials in this study were characterized utilizing characterization techniques 
such as: Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, 
Brunauer-Emmett-Teller (BET), transmission electron microscopy (TEM), scanning 
electron microscopy (SEM), energy dispersive spectroscopy (EDS), contact angle 
and, inductively coupled plasma optical emission spectroscopy (ICP-OES). 
3.3.1 Fourier transform infrared spectroscopy/attenuated total reflectance 
(FTIR/ATR) 
Pristine MWCNTs, MWCNT-COOH, MWCNT-COCl, HPEI-MWCNTs and 
PSf/HPEI-MWCNTs were analyzed using a Perkin-Elmer 100 FTIR 
spectrophotometer (USA) to confirm functionalization.6 The samples were ground 
into a fine powder and mixed with potassium bromide (KBr).7 The membrane active 
side was positioned on the ATR and analyzed in a range between 500-4000 cm-1, 
aggregating 32 scans at a spectral resolution of 4 cm-1. 
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3.3.2  Raman spectroscopy 
WITec focus innovations, project 2.10 Raman spectrometer was utilized to 
characterize the MWCNTs to assess molecular motion.8 The technique was 
constructed on inelastic scattering of monochromatic excitation sources.9 The 
material was placed on a glass slide under the laser beam, and the beam was 
focused on a sample using 50X magnification lenses X-ray diffraction. 
3.3.3  Brunauer-Emmette-Teller (BET) 
BET technique was utilized to analyze the specific surface area of functionalized 
MWCNTs, pore sizes and pore volumes.10 The BET analysis was orchastrate using 
a Micromeritics ASAP 2020 surface area and porosity analyzer (Norcross, USA). 
The porosity of the material was determined by sorption of N2. The samples (0.2 – 
0.3 g) were first degassed at 110   ̊C for 4h under vacuum, and N2 was used as a 
probe gas. 
3.3.4 Transmission electron microscope (TEM) 
Transmission electron microscopy is a technique that is used to pass an electron 
beam through the sample to produce an image.11 This technique was used to 
analyze the shape, quality, and size. A JEOL JEM-2100 TEM electron microscope 
was used to analyze the functionalized MWCNTs and (HPEI-MWCNTs) composite. 
3.3.5 Scanning electron microscope (SEM)/Electron dispersive X-ray 
spectroscopy (EDS) 
SEM was used to study the surface morphology of the membrane.12 The membrane 
was placed on a carbon tape over the sample holder and coated with a thin film 
carbon. The SEM experiments were analyzed at accelerating voltage of 5kV utilizing 
TESCAN Vega TC instrument (Czech Republic), coupled with electron dispersive 
X-ray spectroscopy operated at 2 kV. The beam of electrons was scanned in a raster 
scan pattern, the setting of the beam was then combined with the signal detected 
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so to produce an image. EDS was used to analyze the chemical composition of the 
membrane. 
3.3.6 Contact angle 
The membrane hydrophilicity was characterized using Data physics optical 
instrument contact angle (SCA 20 software, UK). Ten drops of deionized water were 
deposited on the surface of the membrane on varying sites to trace the angle of the 
water.6 
3.3.7 Filtration studies 
A high-pressure dead-end filtration was used to monitor the pure water flux. The 
membrane was tested at different pressures at a certain period of time and the flux 
was calculated using Equation 3.1. 
𝐽 =
V
A∆t
                                                                                                [3.1] 
Where J  is the water flux (L/m2h), V is the permeate volume (L), A is the membrane 
area (m2), and Δt  is the change in filtration time (h). 
 
3.3.8 Inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
Inductively coupled plasma-optical emission spectroscopy (iCAP 6000 Duo, Thermo 
Fisher Scientific equipped with a charge injection device (CID) detector (USA)) was 
used to quantify the amount of Pb(II) in the working solution before and after 
adsorption. The samples were introduced utilizing concentric nebulizer and a 
cyclonic spray chamber. This technique uses an inert gas so that it does not interfere 
with the analyzed sample (eg. Argon), which is generated by 1-2.5 kW radio 
frequency power from the quartz torch.8 It has a temperature ranging from 5000 to 
10000 K.13,14 
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3.4 Batch adsorption studies 
The Pb(II) stock solution (1000 mg/L) was diluted with deionized water to acquire 5, 
10, 20, 30, 40 and 50 mg/L Pb(II) solutions. A 4 cm2 of the membrane (adsorbent) 
was added to 50 mL of each Pb(II) solution at pH 5.0 in a 250 mL Erlenmeyer flask. 
The mixture was agitated at 124 rpm for 30 minutes at room temperature on a 
mechanical shaker. Approximately, 10 mL of each Pb(II) solutions were sampled 
using a syringe every 10 minutes and analyzed to determine Pb(II) content using 
ICP-OES (Cambridge, UK). The percentage Pb(II) removed (R%) was calculated 
using Equation 3.2. 
 
R(%) = 𝐶𝑖−𝐶𝑒
𝐶𝑖
 × 100                 Eg.  [3.2]
  
Where Ci is the initial concentration of the metal ions in aqueous solution (mg/L), Cf 
is the final concentration of the metal ions in solution (mg/L). The adsorption 
capacity of the system was also calculated using Equation 3.3. 
 
Adsorption capacity=𝐶𝑖 − 𝐶𝑓
𝐴
× 𝑉               Eg.  [3.3] 
 
Where V is the volume of the Pb(II) solution (mL), A is the active area of the 
adsorbent utilized (cm2). 
 
3.5 Adsorption kinetics 
For the adsorption of Pb(II), 50 mL of the metal ion (10 mg/L), 4 cm2 adsorbent dose 
and pH 6 were utilized. The adsorption tests were conducted at various time 
intervals of 10-50 min. The equilibrium time was optimized.  
In order to comprehend the adsorption procedure, kinetic models, pseudo-first order 
and pseudo-second order were utilized to determine the type of adsorption. 
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The pseudo-first-order kinetic model as differential is expressed by Equation 3.4:  
 
𝑑𝑞𝑖
𝑑𝑡
= 𝐾1(qe – qt)                                                   Eq.  [3.4] 
 
Rearranging Equation 3.4 in a linear form is expressed by Equation 3.5: 
 
Log(qe – qt)=logqe - 𝐾1
2.303
𝑡                                      Eq.  [3.5] 
 
The pseudo-second-order kinetic model equation is derived from the adsorption 
capacity of the membrane, and it is expressed by Equation 3.6:  
 
𝑑𝑞𝑖
𝑑𝑡
= 𝐾2(qe – qt)2                                        Eq.  [3.6] 
 
Rearranging Equation 3.6 in a linear form, with the integral conditions t=0 and t=t, 
q=0 to q=q, Equation 3.7, results as: 
 
𝑡
𝑞𝑡
=
1
𝐾2𝑞𝑒
2 +
1
𝑞𝑒
𝑡                                                Eq.  [3.7] 
 
where K1 (min-1) and K2 (l.mg-1.min-1) are the adsorption rate constants of first and 
second order kinetic models; qe and qt, are the adsorption capacities at equilibrium 
at t = ∞ and t is the adsorption uptake time, in mg-1.g-1, respectively.  
3.6 Adsorption isotherms 
The mechanism for adsorption of Pb(II) ions adsorption onto the nanocomposite 
membrane (HPEI/MWCNT/Ps) membrane was analyzed utilizing Freundlich and 
Langmuir isotherms.  
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The Langmuir isotherm was utilized effectively to describe the monolayer adsorption 
process. It is therefore denoted by Equation 3.8:  
 
qe = 𝑞𝑚𝐾𝐿𝐶𝑒
1+𝐾𝐿𝐶𝑒
                   Eq.  [3.8] 
Equation 3.8, can be denoted in a linear manner, resulting in Equation 3.9, 
respectively: 
 
𝐶𝑒
𝑞𝑒
=  
1
𝐾𝐿𝑞𝑚
+ 
𝐶𝑒
𝑞𝑚
                            Eq.  [3.9] 
 
where qe (mg/m) is the equilibrium adsorption take-up of substantial metal ions, Ce 
(mg/L) is the concentration of heavy metal ions at equilibrium, qm (mg/g) is the 
maximum adsorption capacity relative to the entire monolayer inclusion, and KL is 
the Langmuir constant which corresponds to the adsorption energy. A plot of 
Equation 3.9, 1/Ce vs 1/qe was utilized to obtain Langmuir constant (KL) and the 
maximum adsorption capacity of the monolayer inclusion (qm). The slope (1/qm) of 
the plot was also obtained together with the intercept (KL/qm) of the function.   
A basic normal for Langmuir isotherm can be expressed by a dimensionless 
constant called equilibrium parameter, denoted by Equation 3.10:  
 
𝑅𝐿 =  
1
1+ 𝐾𝐿𝐶0
                Eq.  [3.10] 
 
where KL is the Langmuir constant and C0 (mg/L) is the concentration of the highest 
heavy metal ions. The estimation regarding RL depicts the kind of the isotherm to 
be either( RL > 1), (RL = 1), (0 < RL < 1) or (RL = 0).  
The Freundlich isotherm describes the adsorption that on the heterogeneous 
surface. It is expressed by Equation 3.11:  
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𝑞𝑒 =  𝐾𝐹𝐶𝑒
𝑛                 Eq.  [3.11] 
 
Equation 3.11, can be rearranged in a linear format to yield, Equation 3.12, 
respectively:  
log 𝑞𝑒 =  𝑛 log 𝐶𝑒 +  log 𝐾𝐹               Eq.  [3.12] 
 
where qe (mg/g) is the adsorption uptake of heavy metal ions at equilibrium, Ce 
(mg/L) is the concentration of heavy metal ions at equilibrium, and KF and n are the 
Freundlich parameters corresponding to adsorption capacity and adsorption 
intensity, respectively. A plot of Equation 3.12 was utilized to obtain Freundlich 
parameters and the concentration of heavy metal ions at equilibrium. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
 
4.1 Introduction 
The chapter introduces results and discussions for the materials in the study. 
4.2 MWCNTs characterization 
4.2.1 FTIR analysis of MWCNTs and HPEI 
FTIR spectra shown in (Figure 4.1) was used to provide evidence about the 
functional groups of pristine MWCNTs, COOH-MWCNTs, COCl-MWCNTs and 
HPEI/MWCNTs. The FTIR spectrum of neat MWCNTs shows characteristic sp2 and 
sp3 peaks which are attributed to -CH3 stretch (2910 cm-1) and -CH2 stretch (2850 
cm-1) (Figure 4.1(A)). However, after the oxidation of pristine MWCNTs a peak at 
3450 cm-1 was detected and it was found to be more intense and it was ascribed to 
the -OH- of the carboxylic group (Figure 4.1(B)).1 A C=O (1648 cm-1) and C-O 
(1041cm-1) were also detected, this confirmed the functionalization of the MWCNTs 
with -COOH- functional groups. After acylation of the COOH-MWCNTs with thionyl 
chloride (Figure 4.1(C)), the C=O shifted to 1638 cm-1 and a new peak attributed C-
Cl corresponding to acid chloride appeared at 1391 cm-1. Upon attachment of HPEI 
on the backbone of MWCNTs a new peak amide peak at 1758 cm-1 was observed, 
confirming that the acylated MWCNTs monomer was attached to HPEI. Moreover, 
the C-N and the N-H band were observed at 956 cm-1 and 3450 cm-1 to further 
confirm the attachment of HPEI.2 
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Figure. 4.1: The FTIR spectrum of, (A) pristine-MWCNTs, (B) COOH-MWCNTs, 
(C) COCl-MWCNTs and (D) HPEI/MWCNTs. 
4.2.2 Raman analysis 
The Raman spectra of pristine-MWCNTs, COOH-MWCNTs, COCl-MWCNTs and 
HPEI/MWCNTs are shown in Figure 4.2.  The Raman spectra (Figure 4.2) exhibit 
the D-band and G-band at 1335 cm-1 and 1572 cm-1 Raman shifts, respectively.3,4,7 
The D-band is ascribed to the existence of disordered structures in the MWCNTs, 
such as defective CNTs and distorted vibrations of a hexagonal ring and amorphous 
carbon.4 On the other hand the G-band is ascribed to the vibration of sp2-bonded 
carbon atoms in a two-dimensional (2D) hexagonal lattice, such as in a graphitic 
layer.4 ID/IG ratio is utilized to characterize the extent of disorder on the surface of 
the MWCNTs. The spectrum of pristine MWCNTs (Figure 4.2A) exhibits the D-band 
and the G-band which elucidates that the graphitic layer is distorted yet the structural 
integrity is maintained.3 The oxidation of CNTs (Figure 4.2B) impacts the ID/IG ratio 
in two confined ways. Firstly, there is the evacuation of low arranged carbon 
structures, which ought to lessen the level of disorder as dictated by Raman 
spectra.5 On the other hand, oxidation of the CNTs surfaces produces new 
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deformities which  resulted in an increase in the ID/IG ratio from 1.01 to 1.04 for the 
pristine MWCNTs and the oxidized MWCNTs respectively (Table 4.1).6  According 
to Sambaza et al. (2017) the COOH causes distraction on the MWCNTs backbone 
resulting in the increase in the ID/IG ratio.7 Treatment of COOH-MWCNTs with thionyl 
chloride (SOCl2) led to a decrease in both the D and G-bands and subsequently the 
ID/IG ratio. This shows a great impact of the main factor at low stacking of the acylator 
per unit mass of MWCNTs (up to 1 g.g-1). For this situation, the quantity of 
deformities which emerge because of the presence of acyl containing groups on the 
surface is made up for by the expulsion of the -OH- groups.3 Figure 4.2D shows 
that the structural integrity of the HPEI/MWCNTs was maintained with minimal 
deformities. The D and the G-band intensities are minimized, meaning that the 
graphene layer of the HPEI/MWCNTs are preserved much better as compared to 
the oxidized as the (ID/IG) was reduced to 1.00.3  
 
 
Figure. 4.2: The Raman spectra of (a) Pristine-MWCNTs, (b) COOH-MWCNTs, 
(c) COCl-MWCNTs and (d) HPEI/MWCNTs. 
G-band D-band 
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Table.4.1: Raman spectra of the prepared MWCNTs. 
 
4.2.3 BET analysis of pristine MWCNTs, COOH-MWCNTs, COCl-MWCNTs 
and HPEI/MWCNTs 
BET analysis of neat-MWCNTs, COOH-MWCNTs, COCl-MWCNTs and 
HPEI/MWCNTs are demonstrated in Table 4.2. Upon functionalization (there’s a 
decrease from 248.42 to 230.32 m2.g-1) of the carboxylic group on the surface of the 
pristine-MWCNTs. This trend was because when functionalizing the MWCNTs, the 
functional entity introduced on the surface of the CNTs decreases the diameter of 
the structure as observed on TEM images. Impregnation of the COCl-MWCNTs with 
HPEI, seemed to have low surface area as polymers in nature have low surface 
area, thus decreasing the surface area of the MWCNTs.7 The pore volume 
increased as a result of functionalization. This is due to the structure of the MWCNTs 
increasing as it is supported by the reduction          in surface area. The pore volume 
of HPEI/MWCNTs decreased drastically, this was due to HPEI during impregnation 
method, it closed the pores of the MWCNTs thus a decrease. Sambaza et al. (2016) 
also observed the same trend whereby the surface area and the pore size of the 
MWCNTs decreasing due to functionalization.7 
Table. 4.2: The table shows the BET surface areas, pore volumes and pore 
sizes of MWCNTs. 
Samples D-band (cm-1) G-band (cm-1) ID/IG ratio 
Pristine-MWCNTs 
COOH-MWCNTs 
COCl-MWCNTs 
HPEI/MWCNTs 
1336 
1336 
1336 
1335 
1570 
1570 
1570 
1572 
1.01 
1.04 
1.00 
1.00 
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4.2.4 TEM/EDX with size distribution graphs analysis 
Figure 4.3A to Figure 4.3D show the TEM micrograms and size distribution (figure 
4.3a’ to Figure 4.3d’) of pristine and functionalized MWCNTs. The pristine 
MWCNTs (Figure 4.3A) shows black circular entities which indicates that it contains 
the traces of amorphous carbon. The size distribution of the pristine MWCNTs 
ranges from 10.38± 0.44 nm (Figure 4.3a’). The oxidized MWCNTs (Figure 4.3B) 
do not show traces of amorphous carbon but clear tubular MWCNTs after the 
treatment with acids. Acylation and attachment of HPEI (Figure 4.3C and Figure 
4.3D) did not alter the structure of the MWCNTs as they maintained their tubular 
nature even after a series of functionalization steps. The outer diameters of 
functionalized MWCNTs ranges from 9.92 ± 4.17 to 16.03 ± 4.38 nm. 
 
Samples Surface area 
(m2.g-1) 
Pore volume 
(cm3.g-1) 
Pore size (nm) 
Pristine-MWCNTs 
COOH-MWCNTs 
COCl-MWCNTs 
HPEI/MWCNTs 
248.42 
230.32 
66.78 
50.15 
2.06 
2.18 
5.18 
2.45 
33.20 
29.77 
26.85 
23.30 
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Figure. 4.3: TEM/ EDS and size distribution images of MWCNTs (A,a’): pristine 
MWCNTs (B,b’) COOH-MWCNTs (C,c’) COCL-MWCNTs and (D,d’) 
HPEI/MWCNTs. 
The EDS spectrum further confirms that the different functionalization of pristine 
MWCNTs, COOH-MWCNTs, COCl-MWCNTs, and HPEI/MWCNTs were 
successful (Figure 4.4A, Figure 4.4B, Figure 4.4C and Figure 4.4D). Figure 4.4A 
is assigned to pristine MWCNTs, it only shows the peak of -C-, which resulted from 
the -c=c- interaction of the graphitic benzene ring and also from the coated carbon-
grid. The pristine MWCNTs were oxidized in order to incorporate the carboxylic 
groups (COOH) on their surface. The EDS spectrum (Figure 4.4B), shows the 
emergence of the oxygen atom at 0.53 KeV. The appearance of Cl (2.63KeV and 
2.81 KeV) further confirms the attachment of thionyl chloride (Figure 4.4C). The 
COCl-MWCNTs were further treated with HPEI, to introduce the amine groups on 
their surface. The process has occurred where amine groups were incorporated on 
the surface of COCl-MWCNTs. The EDX spectrum (Figure 4.4d) shows the 
emergence of N groups (0.52 KeV and 1.74 KeV) attributed to the presence of 
peripheral and internal amine groups of HPEI.8 
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Figure. 4.4: The EDS spectrums of; a) Pristine MWCNTs, b) COOH-MWCNTs, 
c) COCl-MWCNTs, d) HPEI/MWCNTs. 
4.3 Characterization of HPEI/MWCNT/PSf membranes 
4.3.1 FTIR analysis of membranes 
To further confirm the structural modification of the PSf membrane after the 
incorporation of different loadings of HPEI/MWCNTs (0.2%, 0.5% and 1%) via 
interfacial polymerization with TMC, FTIR was utilized as shown in Figure 4.5. 
Interfacial polymerization process was carried out by reacting a hyperbranched 
polyethyleneimine (HPEI) in deionized water and trimesoyl chloride (TMC) in 
hexane.9 Figure 4.5 confirms that interfacial polymerization process had taken 
place by the evidence of disappearance of -C=O-Cl peak centered at 1758 cm-1 
(Figure 4.5a) and there was newly emerging peaks at 1740 cm-1 and 1238 cm-1 
attributed to NH-C=O and S-O respectively (Figure 4.5C-F). Malinga et al. (2013) 
A B 
C D 
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also observed the same trend when fabricating β-CD-HPEI-PSf membrane via 
interfacial polymerization.9 The study suggests that upon addition of TMC on the 
backbone of the PSf membrane there was a disappearance of the acid chloride peak 
and newly emerging peaks resulted which were characteristic to HPEI matrix 
together with PSf. 
 
Figure. 4.5: FTIR analysis of; (a) TMC, (b) HPEI, (c) PSf, (d)HPEI/MWCNT/PSf-
0.2%, (e) HPEI/MWCNT/PSf-0.5% and (f) HPEI/MWCNT/PSf-1% membranes. 
4.3.2 SEM analysis 
Figure 4.6A-D, shows SEM images of pristine PSf, and nanocomposite membrane 
with different loadings of HPEI/MWCNTs (0.2%, 0.5% and 1%), respectively. The 
images show a vast change in surface topography relative to different loading of the 
composite on the surface of PSf via interfacial polymerization. The unmodified PSf 
membrane constitutes a smooth surface without any change in its surface 
topography. Upon addition of the nanocomposite (Figure 4.6B-D) a visible 
formation of rice-like structures on the surface of PSf support are observed. Zhao et 
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al. (2016) observed similar trend when preparing polydopamine modified MWCNT 
membranes through interfacial polymerization.10 The study reports that, when 
increasing the quantity of the nanocomposite (PDA-MWCNTs), the surface became 
rough relative to composite loadings.10 Figure 4.6D, shows the surface of the 
membrane more rougher than the one observed in (figure 4.6B & C). Salehi et al. 
(2012) also reported a similar trend after the synthesize of chitosan/polyvinyl alcohol 
modified with MWCNTs.11 The study reports that more loading of chitosan/polyvinyl 
alcohol/MWCNTs led the membrane to being more thick, rougher and 
compact.11,12,13  The surface changes showed that the process of interfacial 
polymerization had successfully occurred between HPEI/MWCNTs and TMC to 
form a polyamide layer on the membranes interface. 
 
Figure. 4.6: SEM images of; A) PSf, B) HPEI/MWCNT/PSf-0.2%, C) 
HPEI/MWCNT/PSf-0.5%, D) HPEI/MWCNT/PSf-1%.     
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4.3.3 Contact angle analysis 
Contact angle analysis was carried out to study the hydrophilicity of the membrane. 
Figure 4.7 shows the contact angles of pristine PSf, HPEI/MWCNT/PSf-0.2%, 
HPEI/MWCNT/PSf-0.5% and HPEI/MWCNT/PSf-1%, respectively. The contact 
angle of the unmodified membrane decreased from 112.220 to 63.23 for pristine 
PSf, M-0.2%, M-0.5% and M-1% respectively. The enhancement of surface 
hydrophilicity of the modified membrane was attributed to the presence of unreacted 
-OH- groups from COOH-MWCNTs, and the N-H groups from HPEI as observed in 
Chapter 4 (section 4.3.1).4 PSf membrane shows high contact angle (112.22o ± 
5.61), meaning that it has a hydrophobic character. Vlotman et al. (2017), observed 
the same trend of PSf membrane being hydrophobic with contact angle of (73o ±2.7) 
and upon adding HPEI on the surface of the membrane via interfacial 
polymerization, the contact angle decreased.14,15 As the HPEI/MWCNTs content 
was added contact angle decreased, the trend shows that the combination of HPEI 
and MWCNTs has an effect on the membranes hydrophilicity of the membrane.14 
The contact angle of HPEI/MWCNT/PSf was found to be (75o±3.77) as observed on 
Figure 4.7 and the contact angle of HPEI/MWCNT/PSf-0.5% and that of 
HPEI/MWCNT/PSf-1% decreased greatly with contact angles (68±3.42 and 
63±3.16) respectively. 
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Figure. 4.7: The contact angles of: pristine PSf, HPEI/MWCNT/PSf-0.2%, 
HPEI/MWCNT/PSf-0.5% and HPEI/MWCNT/PSf membranes. 
 
4.3.4 Flux assessment  
Pure water flux of the neat PSf, M-0.2%, M-0.5% and M-1% blended membranes 
are observed in Figure 4.8. As seen in Figure4.8, a high loading of the membranes, 
(M-0.2% to M-1%) have low pure water flux compared to the pristine membrane. 
This is primarily because of the blocking of the membrane surface pores by high 
loadings of MWCNTs nanomaterials. MWCNTs nanomaterials are having 
unprecedented large specific area as contrasted with HPEI, subsequently high 
loadings of the nanofillers will ascribe to wide shielding of the film surface pores and 
high resistance to water affinity. Ho et al. (2017), observed the same findings, when 
preparing GO/OMWCNTs membranes.16 The study reports that, increasing the 
nanomaterial content reduces the pure water flux. This is because the nanomaterial 
constricts the pores of the membrane and consequently the membrane will have  
resistance towards the movement of water molecules.16 Figure 4.8, overtly 
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postulates a high pure water flux (135 L.m-2.h-1) of the bare PSf to a drastic drop (13 
L.m-2.h-1) of M-1%, this trend was due to the reasons postulated above, that 
nanofillers decreases the pore volume, thus also decreasing the pure water flux.  
 
 
 
Figure .4.8: Pure water flux of the synthesized membranes 
 
4.4 Batch adsorption studies 
4.4.1 Effect of pH on the adsorption of Pb(II) solution by pristine PSf, 
HPEI/MWCNT/PSf-0.2%, HPEI/MWCNT/PSf-0.5% and 
HPEI/MWCNT/PSf-1% 
The impact of pH on the adsorption of Pb(II) solution by PSf, HPEI/MWCNT/PSf-
0.2% (M-0.2%), HPEI/MWCNT/PSf-0.5% (M-0.5%), and HPEI/MWCNT/PSf-1% (M-
1%) is shown in Figure 4.9. The adsorption of Pb(II) ions fluctuated as viewed from 
Figure 4.9. It is displayed that at pH 2, pristine PSf and M-0.2% removed 66% and 
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71%, whereas M-0.5% and M-1% both removed 98%. A maximum removal 
percentage of Pb(II) was observed at both pH 2 and pH 6 respectively. The occurring 
trend may be due to the H+ ions competing to chelate with Pb(II) ions on the surface 
of the membrane as the pH increased to pH 7. At higher pH the amine groups from 
HPEI adsorbents were protonated and consequently repulsed emphatically charged 
Pb(II) ions, hence the removal percentage was low. The removal mechanism of 
Pb(II) was fundamentally through electrostatic interaction and Lewis acid-base 
notion at pH > 5.5. As observed from Figure 4.9, above pH 6.5 there was a major 
decrease of adsorption, because the metal ions tend to precipitate, and minute 
adsorption occurred, resulting in removal percentages of lower percentages, 65.4 
% to 71.2%, respectively.7,8 The highest removal percentages were observed at pH 
2 and pH 6 for both M-0.5% and M-1%, and in the study pH 6 was chosen as the 
optimum pH. 
 
 
A 
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Figure. 4.9: Effect of pH on the removal of Pb(II) from water; (A) % removal 
and (B) adsorption capacity. 
 
4.4.2 Effect of contact time on the adsorption of Pb(II) solution by pristine 
PSf, HPEI/MWCNT/PSf-0.2%, HPEI/MWCNT/PSf-0.5% and 
HPEI/MWCNT/PSf-1% 
The removal of Pb(II) by M-0, M-0.2%, M-0.5% and M-1% is shown in Figure 4.10. 
The removal proficiency of all the modified membranes was higher in contrast with 
the pristine PSf membrane (M-0). The percentage removal was low in the first 30 
minutes, and gradually increased from 30 minutes to 50 minutes. This trend is due 
to concentration gradient, where the solute is moving from an area of high number 
of particles to an area with a lower number of particles through a membrane. The 
HPEI/MWCNT/PSf-1% removed most Pb(II) (99.99%) within 40 minutes of 
treatment and became constant at the 50th minute. The adsorption of Pb(II) ions 
during the 40th minute followed this trend: M-1% > M-0.5% > M-0.2% > M-0, 
respectively. This perception was credited to the cavities of HPEI which reach 
B 
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equilibrium during the adsorption of Pb(II) ions. Also, the charged centers of HPEI 
chelate positively charged Pb(II) ions. The inside and outside groups of HPEI can 
be custom fitted by metal ions of Pb(II) through electrostatic interaction as well as 
hydrogen bonding. Salehi et al. (2012), suggested that as time proceeds the 
chelation increases as a result of the content of the composite increment.11 The 
study also stated that adsorption could also take place on the available active sites 
of the membrane through ion exchange and surface chelation.11 In Figure 4.10. the 
steady state was achieved at 40 minutes for M-1% and 50 minutes for M-0, M-0.2% 
and M-0.5%, as there was no further increment in adsorption capacities with the 
increasing time. The optimum time was therefore 40 minutes for this study.   
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Figure. 4.10: Effect of contact time on the removal of Pb(II) ions from water; 
(A) % removal and (B) Adsorption capacity. 
 
4.4.3 Effect of initial concentration on the adsorption of Pb(II) solution by 
pristine PSf, HPEI/MWCNT/PSf-0.2%, HPEI/MWCNT/PSf-0.5% and 
HPEI/MWCNT/PSf-1% 
The adsorption behavior of Pb(II) ions by M-0, M-0.2%, M-0.5% and M-1% at 
varying concentrations (5, 10, 20, 30, 40, and 50 mg/L) was conducted as displayed 
in Figure 4.11. As observed, increasing concentration of Pb(II) ions from 5-10 mg/L 
increases the percentage removal by M-1% significantly and the reaction reached 
steady-state at 10 mg/L to 50 mg/L. The observed trend may be due to diffusion 
process where the movement of the solute from high concentration to low 
concentration. At 10 mg/L the mass transfer is high thus resulting in higher 
percentage removal for all membranes, ranging from 90% to 99.98% removal. 
Ironically, at high concentrations the mass transfer driving force is minimized, 
resulting in less removal of Pb(II) ions. As observed in Figure. 4.11, M-1% adsorbed 
B 
  Chapter 4: Results and discussion 
69 
more than 95% of Pb(II) ions during 10 minutes, and equilibrium was achieved. Olu-
owolabi et al. (2012) observed the same trend.17 The study suggested that by 
increasing the initial concentration of the metal ion, adsorption capacities also 
decreased gradually, suggesting that the trend is due to mass transfer.17,18 The 
pursued sequence in the adsorption is ordered: M-1% > M-0.5% > M-0.2% > M-0, 
respectively. Therefore, the chosen optimum initial concentration for the study is 10 
mg/L. 
 
A 
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Figure. 4.11: Effect of initial concentration on the adsorption of Pb(II) ions 
from water; (A) % removal and (B) adsorption capacity. 
The reaction mechanism between the ligand (HPEI/MWCNT/PSf) and a central 
metal ion (Pb(II)), is shown is in Figure 4.12. The reaction scheme also explains 
that the reaction is ion exchange, whereby the lone pairs from the (N-H-) groups of 
HPEI complexes with the cations of Pb(II) thus forming a complex. The reaction 
scheme also further substantiates the adsorption reaction type. 
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Figure 4.12: The reaction mechanism for the chelation of heavy metals by 
polyamino compounds. 
 
4.4.4 Adsorption kinetics 
The impact of contact time was utilized to regulate the rate of the most maximum 
adsorption of  Pb(II) metal ions on the membranes surface.19 Kinetic models such 
as; pseudo-first order and pseudo-second order were utilized to explore the 
aforementioned kinetic models in Chapter 4 (section 3.5) for the adsorption of 
Pb(II) ions by HPEI/MWCNT/PSf composite membrane. The experimental data on 
the adsorption of Pb(II) was indicated better with pseudo-second order compared to 
pseudo-first order.7,19,20 Therefore, diffusion was the rate determining step for the 
adsorption of Pb(II) on to the membrane. The correlation coefficient (R2) values for 
data demonstrated that for the adsorption of Pb(II) solution by the 
HPEI/MWCNT/PSf-1%, HPEI/MWCNT/PSf-0.5%, HPEI/MWCNT/PSf-0.2% and 
pristine PSf were 0.8751, 0.90227, 0.80609, and 0.82197, respectively for pseudo-
first order. The correlation coefficient (R2) values for pseudo-second order for the 
adsorption of Pb(II) by PSf, HPEI/MWCNT/PSf-0.2%, HPEI/MWCNT/PSf-0.5%, and 
HPEI/MWCNT/PSf-1% were 0.92379, 0.9281, 0.94153 and 0.91687 respectively. 
The accumulation of MWCNTs on the surface of the membrane quickened ion 
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exchange because of the introduction of NH2 groups from HPEI as adsorption was 
on the surface of the membrane.11 Expanding the surface area of the membrane 
due to the addition MWCNTs is another reason for the adsorption kinetic 
improvement. Membranes with higher surface area give more adsorption sites to a 
faster ion uptake.21 Moreover, ion exchange capacity of the M-0.5% composite 
membrane layer was enhanced by the percentage increase of MWCNTs. The 
interconnected nanochannels appeared to also support mass transfer which is 
influenced by both rate controlling steps such as; ion exchange and surface 
chelation. The general rate constant (k2) increased by MWCNT-NH2 addition onto 
the composite membrane. Salehi et al. (2012), also observed similar findings, 
whereby increasing the content of MWCNT-NH2 increased the rate constant (K2) 
also.11,21 
 
 
 
Figure. 4.13: Pseudo-first order kinetic model for the adsorption of Pb(II) by; 
(A) pristine PSf, (B) HPEI/MWCNT/PSf-0.2%, (C) HPEI/MWCNT/PSf-0.5%, and 
(D) HPEI/MWCNT/PSf-1% composite membranes. 
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Figure. 4.14: Pseudo-second order kinetic model for the adsorption of Pb(II) 
by; (A) pristine PSf, (B) HPEI/MWCNT/PSf-0.2%, (C) HPEI/MWCNT/PSf-0.5%, 
and (D) HPEI/MWCNT/PSf-1%. 
 
Table. 4.3: The summary of correlation coefficients and the kinetic models. 
(T=25 0C, pH at 6.0, contact time at 40 minutes, and initial 
concentration of 10 mg/L).  
Adsorbents M2+ Qe 
(mg/cm2) 
Pseudo-first order 
 
Pseudo-second order 
 
    K1 R2 
 
K2 
(cm-2.mg-1.min-
1) 
Qe 
(mg/
cm2) 
R2 
 
M-0 
M-0.2% 
M-0.5% 
M-1% 
Pb(II) 
Pb(II) 
Pb(II) 
Pb(II) 
0.3742 
0.3750 
0.3751 
0.3747 
-0.037 
-0.035 
-0.042 
-0.049 
0.8220 
0.8061 
0.9023 
0.8751 
0.15 
0.14 
0.12 
0.11 
0.40 
0.41 
0.45 
0.47 
0.9238 
0.9282 
0.9415 
0.9169 
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4.4.5 Adsorption isotherms 
The data found for the adsorption of Pb(II) by HPEI/MWCNT/PSf-1%, 
HPEI/MWCNT/PSf-0.5%, HPEI/MWCNT/PSf-0.2% and pristine PSf, was analyzed 
utilizing two prestigious isothermal equations; Langmuir and Freundlich 
isotherms.22,23 Langmuir isotherm in this context as discussed in Chapter 3 (section 
3.6) was utilized to further depict the monolayer adsorption process. The Freundlich 
isotherm on the other hand was used to characterize the adsorption process on the 
heterogeneity surface.24 The intercept and the gradient of the linear plots depicted 
in Figure 4.15 were utilized to compute both Langmuir and Freundlich parameters 
(Table 4.4). The values of qm from each membrane computed utilizing the Langmuir 
isotherm were 0.30, 3.38×10-3, 0.43, and 0.51 mg/g for the evacuation of Pb(II) 
respectively.  
The KF values computed were close to 1, that substantiated that the 
HPEI/MWCNT/PSf composite membranes have affinity towards Pb(II) metal ions.25 
However, there was not much variance in the adsorption intensities for the 
Freundlich constant (n). Deviation of Freundlich constant (n) showed a non-direct 
adsorption that occurs on heterogeneous/assorted surfaces. The n values were less 
than 1, which demonstrates great adsorption of Pb(II) ions onto the composite 
membrane. Mohammadi et al. (2011) observed the same trend, when preparing 
oxidized CNT for the adsorption of various heavy metals such as; Pb(II), Co(II), 
Cu(II), Zn(II) and Cd(II).26 The (n) values were less than 1 and qm values also were 
higher indicating that the adsorbent has high affinity towards Pb(II) ions out of all 
aforementioned heavy metals.26 The correlation coefficient (R2) for Langmuir 
isotherm were; 0.99391, 0.99928, 0.98691, and 0.99181 respectively for M-0, M-
0.2%, M-0.5% and M-1%. The R2 on the other hand for Freundlich isotherm are; 
0.96187, 0.98713, 0.78392 and 0.99433 for M-0, M-0.2%, M-0.5%, and M-1% 
respectively. 
The data obtained demonstrated that Langmuir isotherm fitted well for the 
adsorption of Pb(II) by the composite membrane.26 Hu et al. (2016),obtained the 
same trend whereby the R2 of Langmuir isotherm is higher than that of Freundlich 
isotherm, thus depicting that Langmuir fits well with the data obtained.27 
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Figure. 4.15: The linear plot shows the Langmuir isotherm for the adsorption 
of Pb(II); (A) M-0, (B) M-0.2%, (C) M-0.5%, and (D) M-1%. 
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Figure. 4.15: The linear plot shows the Langmuir isotherm for the adsorption 
of Pb(II); (A) M-0, (B) M-0.2%, (C) M-0.5%, and (D) M-1%. 
 
Table. 4.4: The table shows the isothermal parameters and correlation 
coefficients. 
 
Langmuir parameters 
 
 
Freundlich parameters 
Adsorbent 
 
M2+ 
 
b 
 
qm 
 
R2 
 
KF 
 
n 
 
R2 
 
M-0 
M-0.2% 
M-0.5% 
M-1% 
 
Pb(II) 
Pb(II) 
Pb(II) 
Pb(II) 
-1.11 
-73.22 
-0.73 
1.74 
 
0.30 
3.9×10-3 
0.43 
0.51 
 
0.9939 
0.9993 
0.9869 
0.9918 
0.51 
0.47 
0.54 
0.52 
-4.52 
-7.14 
-33.33 
-33.33 
0.9619 
0.9871 
0.7839 
0.9943 
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4.4.6 Stability studies 
Stability tests were conducted under optimum conditions i.e. HPEI/MWCNT/PSf-
0.5%, T=250C, pH at 6, contact time of 40 minutes and initial concentration of 10 
mg/L respectively. The same process of batch adsorption as discussed in 
Chapter 3 (section 3.4) was repeated by using the same membrane within 7 
days intervals. After each analysis the membrane (M-0.5%) was stored in 
deionized water in the refrigerator and re-used after seven days to test its stability. 
Figure 4.16 showed that the membrane after being stored for seven days still 
performed better even after 14 days by the removing over 95% of Pb(II) ions. This 
confirmed that the membrane was efficient with the adsorption of Pb(II) ions. The 
introduction of HPEI/MWCNTs played a major role in the preservation of the PSf 
support membrane. The membrane still performed best on the removal of Pb(II) 
ions from water by 99%. 
 
 
Figure. 4.16: The stability test of the optimized membrane. (T=25°C, pH at 6, 
M-0.5%, contact time of 40 minutes and initial concentration of 10 mg/L). 
  Chapter 4: Results and discussion 
78 
4.4.7 Interference studies 
Interference studies were carried out through optimized conditions (pH 6, 40 
minutes contact time, and 10 mg/L concentration). The analysis included Pb(II) 
standard solution, multi-elemental standard solution containing metal ions such 
as; Cd(II), Cu(II), Ni(II) and Zi(II) respectively as illustrated in Figure 4.13. The 
membrane displayed high affinity for Pb(II) chelation compared to other metal ions 
aforementioned. This was due to the lone pairs on HPEI matrix which tend to form 
a covalent bonding with cations on Pb(II) and anions on nitrogen molecules 
(Figure 4.12).  
The mechanism proposed between Pb(II) and nitrogen molecules it is said to be 
ion exchange and electrostatic interaction (Figure 4.12). From the Figure 4.13 
below, it is overt that the adsorbent did not have affinity towards Ni(II) and Cd(II). 
Therefore Cd(II) and Ni(II) are classified as soft Lewis acids. In this study, pH 
played a huge role for successful adsorption of heavy metals. Zn(II), Cu(II) and 
Pb(II) seemed to compete for the active sites on the surface of the membrane, 
whereby the membrane removed 95% of Cu(II), 96% of Zn(II) and 99% of Pb(II). 
These metal ions are said to be hard Lewis acids. The study suggested the 
removal of Pb(II) being the highest adsorbed metal ion, as it is clear that the 
membrane (HPEI/MWCNT/PSf-0.5%) is selective towards interferences. This 
membrane can also be applied in co-adsorption of Pb(II), Cu(II) and Zn(II) 
simultaneously which can be applicable in real water samples. 
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Figure. 4.13: Interferences of metal ions on a membrane. 
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CHAPTER 5 
CONCLUSION AND RECOMMENDATIONS 
 
5.1 Conclusions 
The aims and objectives were successfully achieved in this study, and conclusions 
and recommendations are drawn based on them. 
 HPEI/MWCNT/PSf membranes were successfully incorporated on PSf 
membrane by interfacial polymerization. The FTIR analysis revealed that a 
polyamide film was formed on the surface of the membrane. 
 SEM further confirmed the attachment of HPEI/MWCNTs on the surface of 
PSf support as the surface morphology changed after the fabrication process. 
 Contact angle and flux analysis revealed that varying concentrations of 
HPEI/MWCNTs have an impact on the hydrophilicity due to the presence of 
peripheral tertiary amine groups from the HPEI polymer and MWCNTs. 
 M-1% showed to be the most optimum membrane for the removal of Pb(II) 
from aqueous solution. The optimum conditions for this study appeared to be 
at: pH 6, contact time of 40 minutes and initial concentration of 10 mg/L, 
respectively. The adsorption of Pb(II) generally was dependent on adsorbate 
concentration and pH, respectively. The study showed that the reaction was 
chemisorption and Pseudo second order kinetic model was also found to 
better explain the adsorption kinetic of Pb(II) by HPEI/MWCNT/PSf-1% (M-
1%). 
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5.2 Recommendations for future work 
 The membrane M-1% seemed to have high affinity for Pb(II), Zn(II) and 
Cu(II), thus this technology can be tailor made to selectively remove the 
aforementioned heavy metal. 
 The study also showed that M-1% is highly selective to removing Pb(II) from 
aqueous solutions, thus this system can be further scaled up by the 
fabrication of membranes for pilot plant application. 
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APPENDIX A 
 
Table A1: Operating parameters of ICP-OES 
ICP-OES parameters Operating values 
RF generator power/W 1150 
Frequency of RF generator/MHz 40 
Coolant gas flow rate/ Lmin-1 12 
Carrier gas flow rate Lmin-1 0.7 
Auxiliary gas/ Lmin-1 1.0 
Max integration time/s 15 
Pump rate/rpm 50 
Viewing configuration/Touch mode Axial 
Replicate 3 
Flus times/s 30 
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Figure A1: Calibration curve of the initial concentration. 
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Figure A2: Contact time calibration curve. 
 
Figure A3: pH calibration curve. 
 
Table A2: PSf flux data. 
Volume (ml) Time (h) Pressure (kPa) Jw (L.m-2.h-1) 
67 
65 
68 
0.166667 150 30 
200 
200 
198 
0.166667 300 91.98 
240 
250 
250 
0.166667 450 113.85 
290 
300 
295 
0.166667 600 136.15 
 
Table A3: M-0.2% flux data 
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V (ml) T (h) P (kPa) Jw (L.m-2.h-1) 
11 
11.2 
11.2 
0.166667 150 5 
18.5 
18.9 
19 
0.166667 300 8.68 
27.5 
27.9 
27.6 
0.166667 450 12.77 
36 
36.2 
36.1 
0.166667 600 16.66 
 
Table A4: M-0.5% flux data 
V (ml) T (h) P (kPa) Jw (L.m-2.h-1) 
9 
9.1 
9 
0.166667 150 4.17 
16 
16.7 
16.2 
0.166667 300 7.52 
22.30 
22 
22.10 
0.166667 450 10.21 
32 
32.10 
32.30 
0.166667 600 14.83 
 
Table A5: M-1% flux data 
V (ml) T (h) P (kPa) Jw (L.m-2.h-1) 
5 
5.1 
5.1 
0.166667 150 2.34 
14 
14 
14 
0.166667 300 6.46 
18.7 
18.9 
18.9 
0.166667 450 8.69 
28 
28.3 
28.4 
0.166667 600 13.03 
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